Introduction {#Sec1}
============

Ochratoxin A (OTA) is a potent nephrotoxin which is found mainly in cereals and their products, but it also occurs in a variety of common foods and beverages such chocolate, dried fruits, coffee or wine. Besides this toxin is also a potent renal carcinogen in rodents and a possible cancer threat to humans. It is classified as a group 2B carcinogen by the International Agency for Research on Cancer^[@CR1]^.

This mycotoxin is produced by several species of *Penicillium* and *Aspergillus* among which *Aspergillus carbonarius* is the main responsible source of this mycotoxin in wine or dried vine fruits from main viticultural regions worldwide^[@CR2],[@CR3]^. The chemical structure of OTA consists of a polyketide derived chlorinated-dihydromethyl-isocoumarin moiety linked to phenylalanine by an amide bond. However, little is known about the genes involved in the OTA biosynthesis of the ochratoxigenic species. To date, OTA biosynthetic studies have only examined the inactivation of one gene and/or measure the expression of other genes encoded within an OTA gene cluster to investigate a correlation with its production^[@CR4]--[@CR12]^. No study has been conducted where each gene in an identified OTA gene cluster was knocked out. It is not yet clear which genes, or protein domains, found within an OTA biosynthetic gene cluster are essential for its production^[@CR13]^.

So far only some OTA related PKS genes have been detected in OTA producing species such as *Aspergillus ochraceus, Aspergillus westerdijkiae, Penicillium nordicum, Penicillium verrucosum, Aspergillus niger* and *Aspergillus steynii*^[@CR4]--[@CR8],[@CR11],[@CR14]--[@CR16]^. Functional characterizations of some PKS and NRPS genes have been performed by gene inactivation and expression experiments in *P. nordicum*^[@CR5],[@CR6]^, *P. verrucosum*^[@CR7],[@CR11]^, *A. ochraceus*^[@CR4]^, *A. westerdijkiae*^[@CR8]^, and *A. niger*^[@CR16]^.

In *A*. *carbonarius*, the reference genome sequence of the OTA producer strain ITEM 5010 (Acv3), which was generated by the United States Department of Energy's Joint Genome Institute (<http://jgi.doe.gov/carbonarius/>)^[@CR17],[@CR18]^, has been helpful in the study of genes potentially involved in OTA biosynthesis^[@CR10],[@CR12],[@CR19]--[@CR21]^. Up to now, a nonribosomal peptide synthetase (*AcOTAnrps*) gene^[@CR10]^, a polyketide synthase (*AcOTApks*) gene^[@CR12]^ and a halogenase gene (*AcOTAhal*)^[@CR20]^ have been related to the OTA biosynthetic gene cluster in this species.

Mycotoxin production consistency varies in the reported mycotoxigenic species. For example, a high percentage of nonaflatoxigenic isolates are present in some *Aspergillus flavus* populations^[@CR22]^. In the same way, most of the isolates of *A. niger* are not able to produce OTA^[@CR23]^. On the contrary, nearly 100% of the isolates of *A. carbonarius* produce OTA and its production is a very consistent property when monitored on CYA agar^[@CR24]^.

In nonaflatoxigenic isolates of *A. flavus* deletion of a part or the entire aflatoxin gene cluster is not rare and the resulting deletion patterns are diverse and affect different coding regions^[@CR25]^. Similarly, in the non ochratoxigenic *A. niger* strains ATCC 1015 and ATCC 9029^[@CR26]^, a 21-kb deletion in a remnant of the PKS gene (An15g07920) of the putative ochratoxin cluster in the ochratoxigenic strain *A. niger* CBS 513.88^[@CR27]^ was identified.

Recently, we used the Ion Torrent technology to resequence the genome of an atoxigenic wild strain of *A. carbonarius*^[@CR19]^. We detected that in the atoxigenic strain there was a high accumulation of nonsense and missense mutations in PKS and NRPS encoding genes. The high mutation rate of these genes could explain the lack of production of OTA by the atoxigenic strain. A full characterization of the gene clusters responsible for OTA production in these species will show whether all isolates in any of the species reported to produce OTA actually have the gene cluster required. On the other hand, the inability to produce OTA may also be caused by silent genes or by mutations in functional or regulatory genes^[@CR28]^.

Here we present the genome resequencing of four *A. carbonarius* strains, one OTA producer and three atypical non-OTA producing strains. In the present work, these strains were sequenced using Illumina technology and compared with the genome reference Acv3. Besides this main objective, and due to the fact that three of these strains do not produce OTA, we performed some new specific bioinformatics analyses in genes involved in OTA biosynthesis. We focused these analyses on nonsense and missense mutation detection, and also in to identify whether large DNA sections of the reference genome Acv3 or of the new sequenced OTA producing strain were absent in the genome of the three non-OTA producing strains.

Results {#Sec2}
=======

OTA production in the *A. carbonarius* strains studied {#Sec3}
------------------------------------------------------

*Aspergillus carbonarius* strains grew in CYA medium at 15 °C, 25 °C and 30 °C. All strains presented good growth with proper sporulation forming typical black colonies. *A. carbonarius* ITEM 5010 (=A-1796) and A-1137 produced OTA at detectable levels at the three temperatures of incubation tested (Table [1](#Tab1){ref-type="table"}). Strain ITEM 5010 produced higher amounts of OTA than strain A-1137 at 15 °C after 10 and 30 days of incubation, whereas maximum OTA production in strain A-1137 was at 25 °C. The non-OTA producing strains (A-2160, A-2579 and A-2594) were not able to produce OTA at these temperatures after 3, 10 or 30 days of incubation.Table 1Ochratoxin A concentration (mean value in µg/g) detected in the 5 strains of *A. carbonarius* in CYA at each temperature and incubation time tested.StrainTemperatureOTA (in µg/g)15 °C25 °C30 °Cdays310303103031030A-1137ND29.837.0740.1461.864.4838.5453.5254.64A-1796\*ND197.12190.0634.667.086.801.180.380.39A-2160NDNDNDNDNDNDNDNDNDA-2579NDNDNDNDNDNDNDNDNDA-2594NDNDNDNDNDNDNDNDNDND, not detected, Limit of quantification: 0.06 µg/g.\*Strain ITEM 5010.

The identity of OTA was confirmed by HPLC-MS. Figure [1](#Fig1){ref-type="fig"} shows some selected chromatograms and mass spectra of the fungal strains analyzed in this study. Extracts of *A. carbonarius* A-1137 (Fig. [1a](#Fig1){ref-type="fig"}) presented a clear peak with the same retention time (4.7 minutes) and mass spectrum of OTA. The extracts of *A. carbonarius* A-2160, A-2579 (Fig. [1b](#Fig1){ref-type="fig"}) and A-2594 showed no signals at the same retention time of OTA.Figure 1HPLC-FLD chromatograms and mass spectra of (**a**) the OTA producing strain *A. carbonarius* A-1137 (OTA standard retention time: 4.854 min), and (**b**) the non-ochratoxigenic strain of *A. carbonarius* A-2579 after incubation at 15 °C for 10 days on Czapek Yeast extract Agar.

Resequencing study {#Sec4}
------------------

A summary of the general resequencing genome data of the four *A. carbonarius* strains is shown in Table [2](#Tab2){ref-type="table"}. More than 95 millions (M) of paired-end (PE) reads, for a total of 14.25 Gb of sequence data, with an insert size of 500 bp was generated using an Illumina HiSeq. 1500 sequencer. A mean of 85% of reads passed the filtering and trimming quality step and for all the four strains it was possible to have a breath coverage of 84% and the depth coverage was between 35.06x and 68.77x. A range between 10.6 to 17.6% of unmapped reads was produced. The mapping of the reads from the four strains against the reference genome Acv3 was the starting point to study the variome and to highlight the genomic differences that might explain the phenotype of the atoxigenic strains.Table 2Statistics of resequencing results.A-1137A-2160A-2579A-2594Number of reads before trimming20,201,15030,051,64219,157,96623,126,354Number of reads after trimming17,509,71726,271,66014,516,30717,815,222Percentage of reads GC content alter trimming50%50%48%51%Percentage of aligned reads87.2%86.3%82.4%89.4%Percentage of Q30 aligned reads86.8%85.9%82%89.3%Percentage of unmapped reads12.8%13.7%17.6%10.6%Aligned reads without duplications7,808,89111,567,3596,118,6048,133,583Number of high confidence reads7,349,27010,803,1265,717,3067,643,479Bases Mapped30,005,88830,382,42230,413,42730,356,751Mean depth of coverage48.0068.7735.0636.70Coverage of genome (%)83%84%84%84%

SNPs and DIPs analysis {#Sec5}
----------------------

A total amount of 226,930, 55,215, 37,307 and 37,322 variants were identified for A-1137, A-2160, A-2579 and A-2594, respectively (Table [3](#Tab3){ref-type="table"}). As can be observed, the sample A-1137, which is the ochratoxigenic strain, shows a significantly higher number of variants respect to the others, having a 7.05 variants/KB. Furthermore, it is important to mention that most of the detected variants have a homozygous genotype. On the other hand, private and shared variants were identified. Focusing in non-ochratoxigenic strains, about 7,000 common variants not present in A-1137 were detected.Table 3Summary of SNP and DIP analysis.Variant Calling (hard filtering) SNP/DIPA-1137A-2160A-2579A-2594Depth47,40165,380135,325527,5058Total variant positions265,360Total variants226,93055,21537,30737,322Mean variants/KB7,053361,803961,21741,21708Heterozygous variants2,4981,7851,5801,500Homozygous variants224,43253,43035,72735,822Heterozygous private variants1,20523283193Homozygous private variants189,13119,954311Common homozygous ALT variants9,038Common heterozygous ALT variants511Common homozygous ALT variants (not present in A1137)7,344Common heterozygous ALT variants (not present in A1137)161

As one of our objectives was to find differences among the ochratoxigenic and the non-ochratoxigenic strains, we focused our analysis in some genes potentially involved in OTA biosynthesis. We selected a total of 146 genes which have been described to be up-regulated under OTA induction conditions in a recent transcriptome analysis of four OTA producing strains^[@CR21]^. We also analyzed in depth five genes located in the hypothetical OTA biosynthetic gene cluster 38 in scaffold 12. Using bedtools utility and SnpEff annotations, the variants affecting to this group of genes were extracted, having a total number of 3,678 variants. The most relevant variants (911 variants), attending to the severity of their effect on the gene product, were retrieved (Table [4](#Tab4){ref-type="table"}). Above them, 704 and 34 variants turned out to be private for A-1137 and A-2610, respectively. We found no private variants for A-2579 and A-2594 samples. In addition, 40 variants were classified as common for all the strains, and 17 common variants only for the strains without OTA production. These variants affected to different genes (Table [5](#Tab5){ref-type="table"}). Among these genes, a cytochrome P450 monooxygenase and a PKS were affected but none of them were located in scaffold 12.Table 4Summary of SNP and DIP analysis in selected genes.AnnotationRelevant SNPsPrivate A-1137Private A-2160Common to all strainsCommon to atoxigenic strainsdisruptive_inframe_deletion10000disruptive_inframe_insertion11000frameshift_variant64100inframe_deletion54100inframe_insertion32000missense_variant879682313817missense_variant&splice_region_variant32010start_lost&disruptive_inframe_insertion11000stop_gained108100stop_lost&splice_region_variant10000stop_retained_variant10010Total911704344017Table 5Genes with common variants in atoxigenic strains.Protein IDFunctional category39367**Dynamin family protein-** e_gw1.1.862.1 (scaffold 1)156387**NACHT domain protein-** estExt_Genewise1.C_230145 (scaffold 23)6644**Matrix metalloproteinase**-11- Genemark1.6644_g (scaffold 9)131073**O-methyltransferase** (MT)- estExt_Genemark1.C_80577 (scaffold 8)492**O-methyltransferase** (MT)- Genemark1.492_g (scaffold 1)208126**Cytochrome P450 monooxygenase** (CYP) fgenesh_isotigs_kg.8\_\#\_533\_\#\_isotig12280 (scaffold 8)504341**O-methyltransferase** (MT) estExt_fgenesh2_pg.C_3\_t10258 (scaffold 3)507488**Proline oxidase** (Put1) estExt_fgenesh2_pg.C_90064 (scaffold 9)206969**N-acetyltransferase** fgenesh_isotigs_kg.6\_\#\_549\_\#\_isotig11985 (scaffold 6)56260**PKS-** e_gw1.16.5.1 (scaffold 16)

Regarding the five genes located in the hypothetical OTA biosynthetic gene cluster, we found 34 missense variants and 1 stop gained mutation in *AcOTApks* gene. Only 5 missense variant mutations were private of non-ochratoxigneic strains. In *AcOTAnrps* gene, 70 missense variants and 1 stop gained mutations were found and none of them were private of non-ochratoxigenic strains. In *AcOTAhal* gene only one missense variant was detected in strain A-2160. In *AcOTAp450* and *AcOTAbZIP* mutations were detected only in the ochratoxigenic strain A-1137. (Supplementary Table [1](#MOESM1){ref-type="media"}).

CNV and SV analysis {#Sec6}
-------------------

Using a read depth approach on the multiple mapping alignment, five major gaps of more than 1,000 bp were identified in non-ochratoxigenic strains. Three of them were present in all non-ochratoxigenic strains. These gaps affected to 1) estExt_Genemark1.C_60265 gene, a negative modulator of initiation of replication SeqA; 2) e_gw1.9.287.1 gene, a member of tautomerase/MIF superfamily; 3) estExt_Genemark1.C_90522 gene, a ribosomal protein L13 (structural constituent of the ribosome).

Expression analysis of OTA genes in *A. carbonarius* {#Sec7}
----------------------------------------------------

We studied the transcription profiles of the three biosynthetic genes characterized so far (*AcOTApks*, *AcOTAnrps*, and *AcOTAhal*) and two genes located next to them in the same cluster, *AcOTAp450* and *AcOTAbZIP*. Two genes, β-tubulin and ubiquitin, were used as reference genes. OTA was detected in both ochratoxigenic strains ITEM 5010 (0.77 ± 0.296 μg/g) and A-1137 (10.69 ± 1.672 μg/g) whereas it was not detectable in non-OTA producing strains. From the relative gene expression analysis, it was observed that transcription of all the genes in the non-ochratoxigenic strains was significantly down-regulated compared to both OTA-producing strain (Fig. [2](#Fig2){ref-type="fig"}).Figure 2Relative expression analysis by real time PCR of *AcOTApks*, *AcOTAnrps*, *AcOTAhal*, *AcOTAbZIP* and *AcOTAp450* genes in *A. carbonarius* strains A-1137, A-2160, A2579 and A-2594 grown on Czapek Yeast extract broth. (\*P \< 0.05).

Discussion {#Sec8}
==========

In the present study, the genome of four *A. carbonarius* strains was successively resequenced using the Illumina HiSeq. 1500 platform. One of the strains was an OTA-producer and the rest were non-OTA producers. Due to the fact that non-ochratoxigenic isolates of *A. carbonarius* are very rarely found in nature, their inability to produce OTA was tested at different culture conditions and posteriorly confirmed by HPLC-MS. In general, we should consider that a mycotoxin producing species should produce consistently a mycotoxin and not only traces. In our study we have not to detect a very low quantity of a mycotoxin in a food; we have to detect and define a mycotoxin producer, that, in theory produce an easy detectable quantity of this product. Besides, a weak production should be clearly distinguishable from no production^[@CR2]^. We consider positive strains as consistent producers rather than ones that may only produce trace amounts, which may be very low mycotoxin producers. However, in our study, none of the non OTA producing strains were able to produce OTA in any of the temperature and incubation times tested. Moreover, in order to confirm these results, the extracts were analyzed by HPLC-MS and the non producers showed no traces of OTA in any condition tested. In addition, these strains had been checked also in different conducive conditions and at 60 and 120 days of incubation and no OTA was detected by HPLC-MS^[@CR29]^.

We performed a comparison among them and the reference genome Acv3 of the same species^[@CR17],[@CR18]^. One of the strains, A-2160, has been resequenced before by our group using Ion Torrent platform^[@CR19]^. Data comparison between IonTorrent and Illumina show more robust results with Illumina (lower error ratio) although the coverage of the genome was similar.

Data presented in this study emphasize the high genomic diversity present within *A. carbonarius* strains. This intraspecific variation has also been demonstrated in OTA production^[@CR24]^. Our comparative genomic study revealed that the OTA-producing strain has more mutations than the non-ochratoxigenic strains. As more *A. carbonarius* genomes are sequenced and made publicly available, probably we will uncover more genomic variation. In a recent article a great within-species variation in secondary metabolic gene clusters was revealed when 66 genomes of *Aspergillus fumigatus*, most of them (58) retrieved from public database, were compared^[@CR30]^.

In general, the biosynthesis genes for fungal secondary metabolites in *Aspergillus* are located in physical proximity to each other, forming gene clusters that usually harbor genes for PKS, NRPS, hydrolases, oxidases, methylases, transporters, and regulatory proteins^[@CR31]^. The availability of the genome sequence of *A. niger* and *A. carbonarius* allowed the experimental characterization of an OTA-cluster in both species (50--90% synteny)^[@CR18]^. Recently, Gerin *et al*.^[@CR21]^ studied the gene transcriptional profile of 4 ochratoxigenic *A. carbonarius* strains under inducing and non-inducing conditions for OTA production. The comparative transcriptome analysis of *A. carbonarius* strains showed 146 highly up-regulated genes under OTA inducing conditions and allowed the characterization of an hypothetical OTA gene cluster (cluster 38) in this species^[@CR21]^. This cluster contains three genes, *AcOTApks, AcOTAnrps* and *AcOTAhal*, directly related to OTA biosynthesis^[@CR10],[@CR12],[@CR20]^ and two other genes located in the same genomic region which could play a role in the biosynthesis pathway as part of the OTA cluster (Fig. [3](#Fig3){ref-type="fig"}). These genes were *AcOTAp450*, a cytochrome p450 monooxygenase, and *AcOTAbZIP*, a transcription factor which regulate multiple metabolic processes other than stress response, development, and morphology in *Aspergillus* species^[@CR32]^.Figure 3Schematic representation of the putative OTA biosynthetic gene cluster 38, located on scaffold 12 (931076-971429 nt). Arrows represent genes and point in the direction of transcription. The role of the polyketide synthase gene (*AcOTApks*), the non-ribosomal peptide synthetase gene (*AcOTAnrps*) and the halogenase gene (*AcOTAhal*) in the biosynthetic pathway of OTA has been determined by gene inactivation^[@CR10],[@CR12],[@CR20]^. The cytochrome P450 monooxygenase gene (*AcOTAp450*) and the bzip transcription factor gene (*AcOTAbZip*) are putatively involved in OTA biosynthesis^[@CR20],[@CR21]^.

Comparison of the sequences of the 146 genes highly up-regulated in OTA inducing conditions^[@CR21]^, revealed that ochratoxigenic strain A-1137 showed more mutations than the rest of the strains. Non-ochratoxigenic strains showed 17 common missense variants located in different genes, mainly genes related with transferase activity and metabolic processes of carbohydrates, lipids, aminoacids, proteins and other macromolecules. None of these genes were located in the cluster 38, the hypothetical gene cluster of OTA in *A. carbonarius*^[@CR21]^. When we focus on cluster 38 and the genes potentially involved in OTA biosynthesis, the OTA-producer strain showed variants in *AcOTApks*, *AcOTAnrps*, *AcOTAbZIP* and *AcOTAp450* but these genes were functional and their expression was similar to *A. carbonarius* ITEM5010. In atoxigenic strains only five common missense variants in *AcOTApks* gene were found. The CNV and SV analysis showed three common gaps in atoxigenic strains but none of them affecting to OTA cluster genes. Despite some studies have been carried out on molecular aspects of OTA biosynthesis, the length and composition of OTA cluster remain not completely defined. The key enzymes (*AcOTApks, AcOTAnrps* and *AcOTAhal*) and two other genes located in the same genomic region (*AcOTAp450* and *AcOTAbZIP*) which could play a role in the biosynthesis pathway as part of the OTA cluster have been described^[@CR10],[@CR12],[@CR20],[@CR21]^. Other genes present in the same cluster, as the hypothetical protein (Fig. [3](#Fig3){ref-type="fig"}), need further investigation to establish their role in OTA cluster. Furthermore, it could be that two different clusters could be involved in OTA biosynthesis as it has been suggested in *A. westerdijkiae*^[@CR33]^.

Even though no deletions in functional genes related with OTA production have been found in non-OTA producer strains, all these genes were under-regulated, including the transcription factor *AcOTAbZIP*. The lack of OTA production by these strains could be explained by regulatory mechanisms. Secondary metabolism gene regulation can be in part explained by transcriptional control through hierarchical levels of transcriptional regulatory elements, some of which are almost entirely specific for the respective pathway, and others of which display a more global regulation of secondary metabolism^[@CR34]^. On the basis of the available genome information, about 60% of fungal secondary metabolism gene clusters contain a putative regulatory gene. Most of the potential regulators in fungal PKS-encoding gene clusters belong to the Zn cluster family of transcription factors, whereas NRPS-regulating transcription factors seem to be more diverse^[@CR35]^. Some transcription factors has been described to be highly up-regulated under OTA conditions^[@CR21]^, including a transcription factor of the Zn(2)-Cys(6) family. We analyzed their sequences and no mutations were found in non-ochratoxigenic strains.

In addition to cluster specific regulators, secondary metabolism gene clusters can also be regulated by broad domain transcription factors and heteromeric complexes which are encoded by genes that not belong to any cluster and also regulated a number of genes that are not involved in secondary metabolism. A well-studied example is the velvet complex VelB-VeA-LaeA^[@CR36]^. Deletion of Lae in *Aspergillus nidulans* blocks the expression of metabolic gene cluster of sterigmatocystin biosynthesis^[@CR37]^. This complex could have an important role regulating conidiation and OTA biosynthesis in response to light in *A. carbonarius*^[@CR38]^. Crespo-Sempere *et al*.^[@CR38]^ observed a strong reduction in conidiation and OTA production in VeA and LaeA deletion mutants. VeA and LaeA regulation might function at multiple layers of regulation network, such as transcription, post-transcriptional processing, translation, or posttranslational modification. In fact, LaeA can also act as a global regulator by influencing chromatin structure^[@CR35]^. Regulation by chromatin modifications involving histone acetylation or methylation is of major importance for the modulation of fungal secondary metabolism^[@CR35]^. In our study, the non-ochratoxigenic strains showed neither mutations nor deletions in the described LaeA protein of *A. carbonarius*.

Recently, genome resequencing has been useful for improving the knowledge on the regulation of sterigmatocystin biosynthesis in *Aspergillus nidulans*^[@CR39]^. Mutants strains that were not able to produced sterigmatocystin were resequenced and causative mutations of this phenotype were characterized in 12 of 17 strains. In the remaining five strains, one strain showed no mutations and the structural variant analysis did not identify a credible variant. In four strains, some mutations were found in noncoding regions but they could not explain its phenotype by single gene knockout.

In conclusion, our study showed the genomic diversity present within *A. carbonarius* strains. The OTA producing strain showed a higher nucleotide variation than the three non-ochratoxigenic strains sequenced. Nucleotide variants in the OTA-producing strain were found in both genes up-regulated under OTA conditions and genes located in the hypothetical OTA cluster. More genetic variability will be observed as more genomes of *A. carbonarius* are available. The non-ochratoxigenic strains showed no deletions in functional genes related to OTA biosynthesis although all of them were down-regulated. It may be that regulatory mechanism of OTA biosynthesis could act within the biosynthetic cluster or external to it and its phenotypic expression is likely to subordinate to other regulatory processes acting at post-transcriptional level. However, the OTA cluster remains not completely defined. The analysis of the genomic data around this species will facilitate improved gene annotation and will be crucial for identifying regulatory elements. Further investigation of *A. carbonarius* transcriptome is needed to define the regulatory mechanisms involved in the biosynthesis of OTA in these non-ochratoxigenic strains.

Methods {#Sec9}
=======

OTA production ability detection {#Sec10}
--------------------------------

OTA production was confirmed using a previously described HPLC screening method designed in our laboratory^[@CR40]^. The OTA-producing strains A-1137 and A-1796 (=ITEM 5010), and three non-OTA-producing strains of *A. carbonarius* A-2160, A-2579 and A-2594 from our fungal collection were first three point inoculated on Czapek Yeast extract Agar (CYA) and incubated at 15, 25 and 30 °C. After 3, 10 and 30 days of incubation at each temperature assayed and from each strain, three agar plugs were removed from different points of the colony and extracted with 0.5 ml of methanol. The extracts were filtered and maintained at 4 °C until their analysis. Four replicates for each isolate and incubation condition assayed were used. The entire experiment was repeated twice. In total, eight values of OTA for each isolate and incubation condition tested were obtained.

OTA quantification was made by a Waters 2695 chromatograph with a fluorescence detector Waters 2475 (excitation wavelength: 330 nm/emission wavelength: 460 nm), and with a Sunfire C18 column, 150 × 4.6 mm, i.d., 3.5 µm. Twenty μl of each extract were applied. The mobile phase was acetonitril/water/acetic acid (57/41/2, v/v/v) eluted at a flow rate of 1 ml/min. The extracts with the same retention time as OTA (around 4.8 min), were considered positive. The limit of quantification of the HPLC technique with the extraction procedure was 0.06 μg/g for OTA. In addition, the identity of OTA was confirmed in some selected samples by HPLC-MS. A 1200RR HPLC (Agilent Technologies, Waldbronn, Germany) connected to a micrOTOF-Q mass spectrometer (Bruker Daltonics, Bremen, Germany) system was used for the detection of these metabolites. An acetonitril extraction aliquot of each sample was filtered using 0.22 µm MS PVDF Syringe Filter from Membrane Solutions (Bellevue, USA), just before injection. The analytes were separated on a 150 × 4.6 mm i.d., 3.5 µm, Sunfire column preceded by a 0.5 µm guard filter, using an isocratic analysis (20:80, 0.5% HAcO and 1 mM NH4AcO in H~2~O: 0.5% HAcO and 1 mM NH4AcO in MeOH) with a flow rate 0.5 mL/min^[@CR10]^. The column temperature was 25 °C, and the injection volume was 20 µl. The mass spectrometer was operated in the positive mode, using an electrospray source. The analysis was focused in m/z = 50--1000, using capillary voltage 4800 V, nebulizer gas 3.5 Bar, Dry Gas 7.0 L/min, Dry Temp 210 °C, Ion Energy 5.0 eV, Collision Energy 7.0 eV, Collision Cell RF 170.0 Vpp, Transfer Time 65 µs and PrePulse Storage Time 8.0 µs. Data acquisition was performed with otofControl version 3.2 and HyStar version 3.2 softwares (Bruker Daltonics, Bremen, Germany) and data processing was performed with Bruker Compass DataAnalysis 4.2 software (Bruker Daltonics, Bremen, Germany). Peak identifications were achieved by comparing retention times and mass spectra of sample peaks with those of standards prepared in acetonitril. All the extracts were injected in a sequence where first and last injection was an OTA standard, to verify that the response was stable during the injection samples. A sample without signal for this analyte was spiked with OTA to verify that there was no suppression signal in sample analysis.

Genomic DNA extraction {#Sec11}
----------------------

The strains of *A. carbonarius* were grown on malt extract broth medium in the dark at 25 °C for 48 h. Mycelium was recovered and grounded into fine powder using a mortar and pestle after brief nitrogen deep freezing. DNA extraction was carried as described previously^[@CR19]^.

Genomic DNA sequencing and alignment {#Sec12}
------------------------------------

Nextera DNA Library Preparation Kit (Illumina, Inc., San Diego, California, USA) was used to construct libraries for Illumina HiSeq 1500 sequencing with an insert size of 500 bp. The 150-bp paired-end sequencing of the four strains was done by GenomiX4life (Baronissi, Italy).

Prior to further analysis, a quality check (trimming) was performed on the raw sequencing data, removing low quality portions while preserving the longest high quality part of a NGS reads. The minimum length established was 35 bp and the quality score 30. The raw sequence data coming from the high-throughput sequencing pipelines were applied to the program FastQC v0.11.2^[@CR41]^ for quality control of sequencing. FastQC was used before and after the filtering process to evaluate the quality of the raw reads. The filter and trimming processes were made with Trimmomatic v0.33^[@CR42]^ with parameters set to LEADING: 25, TRAILING: 25, HEADCROP: 13, SLIDINGWINDOW: 28, MINLE: 35.

The high-quality reads obtained after the trimming were aligned against the *A. carbonarius* v3 reference genome (<http://genome.jgi.doe.gov/Aspca3/Aspca3.home.html>). To check the mapping quality of the alignment, *samstat* software^[@CR43]^ was used. The resulting alignment file was pre-processed to make it adequate for variant calling analysis. The reads with a mapping quality less than 30 were removed using Samtools v1.2^[@CR44]^. Removal of duplicate reads was performed with *Picard-tools* v1.9^[@CR45]^. Re-mapping of sequence reads around insertion deletion polymorphisms was performed using the InDEL realigner of GATK toolkit^[@CR46]^, as a recommended standard practice.

SNPs and DIPs {#Sec13}
-------------

Variant Calling experiment was performed on the four *A. carbonarius* strains. The workflow can be generally summarized as a two-step process with alignment of the data to a genome reference followed by subsequent genetic variant calling from the post-alignment data.

Variant calling has been performed by SUPER-W v 4^[@CR47]^ available at superw.sequentiabiotech.com. SUPER-W is an open-source, dynamic and fast tool to analyse the variation data produced from the resequencing experiments. SUPER uses Samtools v1.2^[@CR44]^ to call small variations (such as SNPs and DIPs) and Delly tool v.0.6.5^[@CR48]^ for the SVs (including deletions, inversions, duplications and translocations). SNPs and DIPs filtering was first performed using SnpSift v3.6c^[@CR49]^. This tool set works on Variant Calling File (vcf) format. The applied filter included a minimum depth of 10 reads, PHRED quality of 30 and a homozygous value 0.8 (QUAL \> 30; DP ≥ 10; AF1 ≥ 0.8). The vcf files data were analyzed using vcf-compare (VCFtools v0.1.12b^[@CR50]^) and R v3.1.1^[@CR51]^ tools to highlight common and individual variations between the sequenced strains. A manual filter, using bash scripting, was applied to decrease the number of false positives found. The homozygote unique variations, for each strain, were filtered with AF \> 0.8. Any variation found was analyzed by SnpEff v4.1b tool^[@CR52]^. Finally a deep annotation of the variants has been performed categorizing each variant based on its relationship to coding sequences in the genome and how it may change the coding sequence and affect the gene product. SnpEff v4.1b tool^[@CR52]^ was chosen as the best software to perform this analysis. The results were visualized using IGV v2.3.34^[@CR53]^. The single variations were individually analyzed visualizing the change-related coordinates of every snapshot produced by IGV.

CNV and SV analysis {#Sec14}
-------------------

Bam files resulting from the mapping with SUPER were analyzed in order to get a list of CNVs with CNVnator v0.3.2^[@CR54]^. Bin size was set at 100 bp after several trials in order to have a ratio between average Read Depth (RD) and standard deviation near 4. Several filtering criteria were used for each sample to reduce the amount of false positive variants. Only variants with a p-value \< 0.01, CNV size \> 1 Kb and q0 \< 0.5 were retained for further analysis. This criterion was applied in previous CNV analysis^[@CR55]^. A final filtering step was done to compare atoxigenic and toxigenic strains. For this, we intersected all unique variants present in atoxigenic strains against variants present in the OTA-producing strain. Those variants present only in atoxigenic strains which does not have reciprocal overlaps greater than 50% with any variant in the OTA-producing strain are retained for further analysis. Moreover, using DELLY v0.6.5^[@CR48]^, a structural variant (SV) discovery tool that integrates paired-end and split read analysis, we have detected all possible SVs in all four samples. The output has been filtered thanks to a tag added by this tool, which classify all variants according to its quality. If a putative variant have at least 3 reads support with mapping quality (QUAL \>  = 20), it is considered as a high probable variant, therefore, retained for further analysis. To better highlight putative deleted or duplicated regions, we crossed CNV results with SV results to get a final list of variant candidates found in both analyses. For this purpose, first we intersected all unique filtered SVs results for atoxigenic strains against the OTA-producing strain filtered variants with a minimum 50% reciprocal overlap (the same done before with CNV results) to finally intersect CNVs and SVs only present in atoxigenic strains.

Variant association with previous studies {#Sec15}
-----------------------------------------

From a previous transcriptome study about the expression changes in *A*. *carbonarius* strains associated with OTA production^[@CR21]^, 146 genes were selected to be putative involved in the OTA production. An integrated table of all the variation found in the four samples related to these genes was created in order to find clue about the variation related to OTA production.

RNA extraction and cDNA synthesis {#Sec16}
---------------------------------

For gene expression analyses, strains were grown in Czapek Yeast extract broth medium in the dark at 25 °C for 48 h without shaking. Each strain was grown in triplicate. OTA determination was done by HPLC as described previously.

The mycelium was removed from the plates and was stored frozen at −80 °C prior to total RNA extraction. Frozen mycelium (100 mg) was powdered in liquid nitrogen and total RNA was isolated using QIAzol lysis reagent (Qiagen, Madrid, Spain) and purified by using RNeasy Plant Mini Kit (Qiagen, Madrid, Spain), following the manufacturer's protocol. The extracted RNA was treated with DNAse (DNAse I, amplification grade, Invitrogen, Carlsbad, CA, USA) to remove genomic DNA contamination from the samples. The amount and quality of total RNA was estimated by a Nanodrop 2000 spectrophotometer (Thermo Fisher Scientific Inc., Wilmington, Delaware, USA) and a Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA, USA). First-strand cDNA was synthesized using the high capacity cDNA reverse transcription kit (Applied Biosystems, Foster City, CA, USA). Priming was done with random hexamers. For each RNA sample, cDNA was synthesized twice. The cDNA samples were kept at −20 °C.

Analysis of gene expression by RT-qPCR {#Sec17}
--------------------------------------

The transcription profiles of five genes of the ocratoxin A biosynthesis cluster of *A. carbonarius* (*AcOTApks*, *AcOTAnrps*, *AcOTAhal*, *AcOTAp450* and *AcOTAbZIP*) and β-tubulin and ubiquitin-conjugating enzyme genes as reference genes, were analyzed in all strains by using real-time quantitative reverse transcription-PCR (qRT-PCR). The primer sets were retrieved from previous works with the exception of primer pair for *AcOTAnrps*. This primer pair was designed using the Primer Express software (Applied Biosystems, Foster City, CA, USA) and the nonribosomal peptide synthetase gene (ID 132610) involved in OTA biosynthesis^[@CR10]^, according to MIQE guidelines^[@CR56]^. The sequences of these primers used for real time PCR are shown in Supplementary Table [2](#MOESM1){ref-type="media"}.

Real time PCR were performed using an Applied Biosystems 7500 Real Time PCR system programmed to hold at 50 °C for 2 min, to hold at 95 °C for 10 min, and to complete 40 cycles of 95 °C for 15 s and 60 °C for 1 min. Real Time PCR reactions were performed using the PowerUp SYBR-Green PCR Master Mix (Applied Biosystems, Foster City, CA, USA) according to the recommendations of the manufacturer. Amplification mixtures for Real Time PCR reactions contained 2 μl of template cDNA and different concentrations of primers pairs for each gene were added (Supplementary Table [2](#MOESM1){ref-type="media"}) in a final volume of 25 μl. The RNA samples for each replication and cDNA synthesis were run in triplicate. The results were normalized using β-tubulin and ubiquitin-conjugating enzyme amplifications run on the same plate (endogenous controls). Data analysis was carried out using DataAssist software V.3 (Applied Biosystems, Foster City, CA, USA). Relative quantification of gene expression was calculated using the −2^ΔΔCt^ method and all data was normalized to β-tubulin and ubiquitin. Expression difference among strains was assessed for statistical significance using a pairwise fixed reallocation randomization test within the Relative Expression Software Tool v2.0.13 (REST 2009)^[@CR57]^, taking the divergent efficiencies into account. The calibrator sample corresponded to the value of expression of the OTA- producing strain ITEM 5010.

Accession codes {#Sec18}
---------------

The genome resequencing information of *A. carbonarius* A-1137, A-2160, A-2579 and A-2594 have been deposited in the NCBI Sequence Read Archive (SRA) database under accession SRP125447.
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